Dengue is a mosquito-borne virus with dire health and economic impact. Dengue is responsible for an 35 estimated ~390 million infections per year, with Dengue 2 (DENV2) being the most virulent strain 36 among the four serotypes. Interestingly, it is also for strains of this serotype that temperature-dependent 37 large scale morphological changes, termed as "breathing", have been observed. Although, the structure 38 of these morphologies has been solved to 3.5 Å resolution, the dynamics of the viral envelope are 39 unknown. Here, we combine fluorescence and mass spectrometry and molecular dynamics simulations 40 to provide insights into DENV2 structural dynamics in comparison to DENV1. We observe hitherto 41 unseen conformational changes and structural dynamics of the DENV2 envelope that are influenced 42 by both temperature and divalent cations. Our results show that for DENV2 and DENV1 the intrinsic 43 dynamics but not the specific morphologies are correlated to viral infectivity. 44 45 Graphical Abstract/ cover Figure 46
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We have earlier followed the large scale outward conformational motion of envelope proteins 101 (expansion) in DENV2 and DENV1 between 25˚C and 40˚C by time-resolved Förster Resonance 102 Energy Transfer (trFRET), using dual-labeled virus particles that carried Alexa488-TFP as FRET 103 donor on the E protein and DiI as FRET acceptor within the lipid bilayer (22) (Figure 2a ). In trFRET, 104 the energy transfer from donor to acceptor, which is strongly distance dependent, influences the donor 105 fluorescence lifetime. The Förster radius, R0, of the pair is 59 Å, which is on the order of the distance 106 between E protein and bilayer (20) . The large scale morphological changes of DENV alters the 107 distances between the E protein and the viral lipid membrane (28) and in turn, influences the donor 108 fluorescence lifetime. However, we did not investigate the temperature dependent reversibility 109 (contraction) of those morphological changes in dependence of divalent ions, nor did we investigate 110 5 fast low amplitude dynamics. Here, we validated that the formation of the DENV2 bumpy form is 111 irreversible in absence of divalent cations. For this, we used DENV2 (NGC) and DENV1 (PVP 159) 112 (DENV2 and DENV1 in the rest of the article refer specifically to NGC and PVP159 strains, 113 respectively), produced and purified from C6/36 aedes albopictus mosquito cells at 28˚C. We further 114 investigated, if these temperature dependent large scale morphological changes are reversible in 115 presence of divalent cations. 116
In addition to large scale morphological changes, we also followed intrinsic dynamics of the single 117 DENV envelope protein by Förster Resonance Energy Transfer fluctuations spectroscopy (FRET-118 FCS), both in presence and absence of divalent cations. FRET-FCS uses the same labeled virus but 119 with much higher time resolution to investigate the intrinsic dynamics on the millisecond time scale. 120
Thus, the labeling with donor and acceptor fulfills two tasks: (i) monitoring of viral morphological 121 changes and (ii) measuring the protein dynamics and flexibility. 122
We supported the fluorescence results with amide hydrogen/deuterium exchange mass spectrometry 123 (HDXMS), molecular dynamics (MD) simulations, and infectivity measurements via plaque-forming 124 assays. HDXMS captures thermodynamic transitions of proteins by measuring the differences in mass 125 when backbone amide hydrogens exchange with solvent deuterium (29, 30) . The extent of HDX is 126 dependent on hydrogen bonding and solvent accessibility of the protein (31, 32), without the limitation 127 of size/quaternary assembly (33), at the second and slower time scales (31). In addition, MD 128 simulations (34-36) and coarse-grained (CG) methodologies enable access to dynamics (37-39) while 129 plaque assay measures the infectivity of a virus (40, 41) . Taken together our results show that, at least 130 for DENV2 and DENV1, viral intrinsic dynamics but not the specific morphologies correlate with 131 DENV infectivity. 132 133
Results and Discussion 134
FRET-pair labeled DENV1 and DENV2 show temperature dependent lifetimes 135 DENV2 E protein, constituting the viral envelope, has four domains (E-DI (residues 1-52; 132-193; 136 280-296), E-DII (residues 53-131; 194-279), E-DIII (residues 297-394) and the stem domain (residues 137 395-486)) that connect to a transmembrane region (42, 43). The pseudo-atomic resolution map of the 138 virus capsid (44) showed that the E protein forms 90 dimers on the smooth surface of the mature virus 139 (20). Cyro-electron microscopy (20, 23) (cryo EM) and HDXMS (22) studies revealed that these E 140 protein dimers undergo an outward motion during a temperature change from 28ºC and 37ºC, leading 141 to a morphological expansion from a "smooth" to a "bumpy" form of the virus. In buffer containing 142 150 mM sodium ion solution, this temperature dependent morphological change was irreversible even 143 6 when the temperature was subsequently lowered to 28ºC. As stated earlier, by investigating the outward 144 motion of E proteins from the virus bilayer for DENV2 and DENV1 using trFRET(22), we confirmed 145 the temperature dependent morphological changes, due to virus expasion, seen by EM and HDXMS. 146 However, the regions in E protein that are responsible for the donor lifetime changes in trFRET, were 147 missing. 148
Since, Alexa488-TFP attack primary amines, the labeling site on the E protein will depend on the 149 accessibility of the lysine and its N-terminus. To identify the labeled regions, we tagged the viruses 150 with N-hydroxysulfosuccinimide ester of biotin, which labels free amino groups, similar to the 151 fluorescence tag, Alexa488-TFP. The biotinylated peptides were captured using high affinity biotin-152 streptavidin interactions. The position of biotinylated residues was determined by peptide mapping 153 using LC-MS/MS. The majority of biotins were found coupled to the lysine residue (K344) in the 154 region spanning peptides 335I-345V ( Figure S1a ) of the DENV2 E-DIII. K344 in the motif 335I-345V 155 is proximal (<10 Å) to the DENV2 E protein peptide residues 307V-338K (denoted by orange color in 156 Similarly, for DENV1, the majority of biotins were found coupled to the lysine residue (K110 and 160 K135) in the region spanning peptides 95T-110K and 129I-136Y (denoted by red color in Figure S1b 
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(squares) and 5 × 10 7 pfu/ml DENV1 (triangles). The data was collected during temperature increase from 25˚C to 37˚C 170 (black triangles/squares) followed by decrease from 37˚C to 25˚C (grey triangles/squares). As control measurements, we measured donor-only labeled virus at 25ºC which could be fitted with a 182 single lifetime of 3.47 ± 0.07 ns for both DENV1 and DENV2 (Figure 2a ). The donor and acceptor 183 labeled viruses exhibited two lifetimes at the same temperature. The decay of DENV2 had an average 184 lifetime of 2.42 ± 0.05 ns ( Figure 2b ) and was best fitted with two discrete (long and short) lifetime 185 components of 3.72 ± 0.1 ns (<τ1>) and 1.18 ± 0.1 ns (<τ2>) ( Figure S2b ) having populations of 57 ± 186 2 % (α1) and 43 ± 2 % (α2) (Figure 2a ), respectively. The donor fluorescence intensity decays of 187 DENV1 had an average lifetime of 2.37 ± 0.1 ns ( Figure 2b ) and were also best fitted with two discrete 188 lifetimes with values similar to DENV2 (3.7 ± 0.1 ns (<τ1>) and 1.14 ± 0.1 ns (<τ2>)), with α1 and α2 189 measured as 46 ± 2 % and 54 ± 2 %, respectively ( Figure S2e First, as control, we confirmed the morphological expansion of the DENV1 and DENV2 during the 207 transition from 25°C to 37°C. Then, we investigated reversibility of the morphological changes when 208 the temperature was lowered back to 25°C, similar to the transition between humans and mosquitos. 209
An increase in temperature from 25°C to 37°C in steps of 2°C led to an increase of the average 210 fluorescence lifetime, <f>, (2.42 ± 0.05 ns  3.18 ± 0.05 ns) and the long-lifetime population, α1, (57 211 ± 2 %  72 ± 3 %) for DENV2 (Figure 2a & 2b) . The increase in <f> indicated that the average 212 distance between the labeled E-DIII (307V-338K) and viral membrane bilayer increased from ~65 Å to 213 9 ~90 Å ( Figure S1c ). While the difference in the values of α1 at 37°C and 25°C indicated only ~15% 214 from the total labeled DENV2 viruses underwent morphological transitions. This heterogeneity in 215 Figure S3 ). This is in contrast to picornavirus like "breathing" where viruses undergo 243 temperature dependent large scale reversible conformational changes (17, 46-49).
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Thus, in addition to establishing E-DIII flexibility during both outward and inward conformational 245 changes, these results also prove that DENV2 undergoes only partial "breathing" and that only in 246 presence of divalent cations. However, such partial DENV2 morphological changes should not be 247 neglected as E-DIII is involved in host-receptor binding (42, 43, 50, 51). And it is possible that such 248 divalent cation dependent large scale E-DIII flexibility is needed for optimal virus infectivity. 249 Furthermore, the initial simulation snapshots of the pentameric interface showed spontaneous 296 formation of multiple inter-subunit salt bridges between E343 and K344 from adjacent subunits i.e. 297 between chains I-II, II-III, IV-V and V-I ( Figure 4a ). These salt bridges presumably stabilize/lock the 298 protein-protein interfaces in the "bumpy" state of the virion. The electrostatic potential and 299 visualization of the resultant field lines of the E protein pentamer (Figure 4b and 4c ) revealed the 300 presence of an electrostatic "funnel" expected to drive divalent cations towards the 5-fold vertex of the 301 symmetry, thus increasing the local divalent cation concentration. Indeed, after 200 ns of simulation, 302
Ca 2+ ions were found to have stably associated with the E343 side chain carboxylate oxygen of three 303 (chains: I, IV and V) out of five chains (Figure 4a ). Comparisons between the initial and the final 304 snapshots of pairs of E protein interfaces and the corresponding time-series plots for chains I-II ( Figure  305 4d) showed that the salt bridge remained stable over the course of the simulation where Ca 2+ ion did 306 not bind to E343. On the other hand, a concomitant breakage of the E343-K344 salt bridge was 307 observed in the case of chains IV-V ( Figure 4e ) and V-I ( Figure 4f ) due to binding of Ca 2+ ion to E343 308 at ~20 ns and ~120 ns, respectively. 309
Based on these observations, we hypothesize that divalent cations have the ability to "soak" the protein 310 5-fold interface, breaking the inter-chain salt bridges by binding to acidic residues, and, thereby, 311 reducing the stability of the "bumpy" state. Moreover, this notion needs to be supported by mutational 312 studies, but such experiments are beyond the scope of the present study. 313
314

DENV2 E-DIII loses temperature and divalent cation dependent flexibility at 40˚C 315
At later stages of dengue infection, during dengue fever, DENV is further exposed to temperatures as 316 high as 40°C. Thus, we investigated the temperature dependent E-DIII large scale conformational 317 changes when DENV2 and DENV1 transit to 40°C before reverting to 25°C. 318
An increase in temperature from 37°C to 40°C, resulted in no or marginal increase in the values of <f> 319 ( Figure 5a ) and α1 ( Figure S4a We supported the DENV2 infectivity loss by using DENV2-specific human monoclonal antibody 368 (HMAb) 2D22, which is therapeutic in a mouse model of antibody-enhanced severe dengue disease 369 To achieve this, HMAb 2D22 was added to either the smooth (at 25°C) or bumpy (at 37°C) form of 375 DENV2, in presence of either Mg 2+ or Ca 2+ ions. As expected, no significant changes in the values of 376 the <f> and α1 (from mean value of 2.2 ± 0.1 ns and 50 ± 4 %, respectively) were recorded with the 377 stepwise increase in temperature from 25°C to 37°C ( Figure S5a To achieve this, we used FRET-FCS that analyses the fluctuations in FRET efficiency caused by 414 protein conformational fluctuations. As the fluorescence intensities change when a particle moves 415 through a laser focus, FRET-FCS measures the so-called proximity ratio (p), which is a function related 416 to the FRET efficiency (Explained in Figures S6a) (55, 56) and which depends strongly on the 417 separation between donor and acceptor but not on the position of the molecule in the observation 418 volume. Therefore, the correlation function of the proximity ratio p (Gp) is expected to have 419 contributions mainly from structural dynamics, and minimally from molecular diffusion. In addition, 420 by constructing the Gp, rather than of the fluorescence intensity, we simplify the extraction of 421 intramolecular kinetics or intrinsic dynamics for the correlation function. The approach was calibrated 422 (see Figure S6 ) and used for DENV measurements. Fitting of Gp with stretched exponential provides 423 an effective relaxation time ( ) associated with the correlated motion at smaller length scales, and the 424 stretch parameter (β) describing the heterogeneity of the system. β can vary between 1 (where the 425 system displays normal two-state Arrhenius kinetics, with one discrete energy barrier) and 0 (where 426 there is a continuum of equal energy barriers and the system shows power-law kinetics). 427
Next, a stepwise increase in temperature from 25°C to 37°C, either in presence or in absence of 428 Mg 2+ ions, resulted in no or marginal increase in values of τp (~0.9 ms) (Figure 6c and 6d) and β (~0.5) 429
( Figure S6c and S6d) for both DENV2 and DENV1. The absence of any changes in intrinsic dynamics 430 is more surprising for DENV2 as it undergoes changes from the smooth to the bumpy form between 431 these two temperatures. 432
Fitting of DENV2 Gp (Figure 6a (blue curve)) at 25˚C in presence of Mg 2+ ions, yielded values for τp 433 and β of 0.9 ± 0.1 ms (Figure 6c ) and 0.48 ± 0.06 ( Figure S6c ), respectively. In addition, the value 434 obtained for β confirms the DENV2 heterogeneity and existence of more than two E protein 435 conformational states. Moreover, similar values for τp = 0.89 ± 0.1 ms (Figure 6d ) and β = 0.5 ± 0.04 436 ( Figure S6d) were obtained for DENV2 E-DIII intrinsic dynamics in absence of Mg +2 ions, suggesting 437 the limited role of divalent cations for protein dynamics in contrast to the morphological changes. Next, 438 18 fitting of DENV1 Gp (Figure 6b ) provided similar values for τp (0.9 ± 0.1 ms and 0.9 ± 0.1 ms in 439 presence and absence of Mg 2+ ions, respectively) and β (0.51 ± 0.04 and 0.51 ± 0.04 in presence and 440 absence of Mg 2+ ions, respectively) as for DENV2. The similarities in τp and β values between DENV2 441 and DENV1, suggests that both DENV E proteins shows similar intrinsic dynamics at smaller length 442 scales. 443 444 445
Figure 6: Fluctuation dynamics of DENV2 and DENV1 between 25˚C and 40˚C in absence and 446
presence of Mg 2+ -ion. Autocorrelation curves of proximity ratio for 5 × 10 7 pfu/ml (a) DENV2 and 5 × 10 7 pfu/ml 447 (b) DENV1 in presence of 1 mM Mg 2+ -ions. Representative curves are plotted at 25˚C (cyan traces), after temperature 448 increase from 25˚C until 40˚C (grey traces) and finally followed by decrease from 40˚C to 25˚C (green traces). The black 449 line represents the best fit to stretched exponential and the obtained values are discussed in the article. Effective relaxation 450 time, τP, calculated by fitting these autocorrelation curves of proximity ratio for DENV2 (squares) and DENV1 (circles) 451 either in (c) presence or in (d) absence of 1 mM Mg 2+ -ions. The data was collected during temperature increase from 25˚C 452 19 to 40˚C (black circles/squares) followed by decrease from 40˚C to 25˚C (grey circles/squares). Error bars represents 453 standard deviations of four different experimental replicates in both DENV2 and DENV1 viruses. 454 455 Furthermore, an increase in temperature from 37°C to 40°C resulted in an ~2.5-fold increase of τp for 456 both DENV2 (2.1 ± 0.05+Mg and 2.3 ± 0.1-Mg) and DENV1 (2.1 ± 0.05+Mg and 2.3 ± 0.1-Mg) (Figure 6d) , 457
indicating the adverse effect of dengue fever conditions on DENV E protein intrinsic dynamics. 458
Interestingly, no change in the values of τp (Figure 6c and 6d Similarly, no change in this E protein intrinsic dynamics over temperature range (25°C to 37°C) 474 correlates with unperturbed DENV2 infectivity in both smooth and bumpy forms (Figure 5c ). 475 Therefore, DENV E protein intrinsic dynamics but not its static conformations are correlated to viral 476 infectivity and explain the differences in DENV1 and DENV2 infectivity. 477
Summary 478
Various Dengue virus strains undergo morphological changes from a smooth low temperature 479 morphology to a bumpy morphology above 35˚C. This transition called "breathing" (14, 15, 57, 58) is 480 similar to the "breathing" effect observed in icosahedral picornaviruses that reversibly expose cleavage 481 sites to proteases (17, 46-49). Thus, by analogy, DENV "breathing" implies some reversible 482 conformational changes of DENV envelope proteins. However, earlier studies showed that heating the 483 smooth low temperature DENV2 virus to temperatures above 35˚C produced an irreversible bumpy 484 20 morphology that did not change even when reducing the temperature below 35˚C (19, 20, 22, 23) . 485
These studies, though, were conducted in the absence of divalent cations which could be the reason for 486 the persistence of irreversible viral transitions that would prevent DENV E protein to undergo 487 picornavirus-like reversible large scale conformational changes. Here, therefore, we demonstrated that 488 the addition of Mg 2+ or Ca 2+ ions at physiological concentrations induces a partial reversibility, 489 underlining the importance of divalent cations for viral functionality. However, it should be noted that 490 we observed large scale conformational changes in only ~15-20% of DENV. This structural 491 heterogeneity arising due incomplete cleavages of precursor-to-membrane (prM) or due to other 492 perturbations, helps viruses to avoid neutralization by antibodies (13). 493 Nevertheless, we were not able to correlate the envelope conformations to infectivity. DENV E protein 494 large scale conformational changes can be inhibited by using antibodies that can lock the virus in both, 495 the smooth and the bumpy morphologies with reduced infectivity. However, unlike the antibody locked 496 irreversible morphology, temperature induced irreversible bumpy DENV2 morphology does not 497 reduce viral infectivity in BHK21 cells (20) . Furthermore, plaque assays demonstrated that the 498 conformational state of the virus envelope of DENV1 and DENV2 are not correlated to viral infectivity. 499
We therefore investigated the E protein intrinsic dynamics at the smaller distances and faster time 500 scales, for both smooth and bumpy form, under the same conditions. The intrinsic dynamics measured 501 by FRET-FCS indicated that for DENV1 E protein the intrinsic dynamics as well as infectivity did not 502 change between 25˚C to 40˚C. DENV2 E protein, however, showed a 2.5-fold decrease in intrinsic 503 dynamics at 40˚C compared to the dynamics between 25˚C -37˚C, and also showed a concomitant 504 decrease in infectivity (Figure 7) . 505
This work on the large scale conformational changes and intrinsic dynamics of DENV E proteins shows 506 a remarkable adaptation of the virus to its two hosts' temperatures to attain infectivity. It shows not 507 only the importance of divalent cations for the structural and dynamic investigation of viruses but also 508 demonstrates that dynamics complements the DENV structural studies and is critical for determining 509 factors influencing DENV infectivity. These dynamic events are essential aspects of the DENV life 510 cycle and can be targeted for antiviral strategies. Lastly, we speculate that mutations targeting DENV 511 BHK cells were cultured in RPMI supplemented with 10% FBS at 37°C in 5% CO2. When cells reached 557 approximately 80% confluence, virus infection was carried out. Virus was serially diluted 10-fold from 558 1:10 2 to 1:10 10 using RPMI supplemented with 10% FBS. For the experiment, the virus was 559 preincubated at 37°C or 40°C for 30 min and then 100 μl of virus was layered onto the BHK cells, 560 which were preequilibrated at 37°C for 2 h. The cells were then further incubated at their respective 561 temperatures for 2 h. The infected cells were overlaid with RPMI supplemented with 10% FBS and 562 1% Aquacide. The plates were further incubated at 37°C in 5% CO2 for 6 days. The cells were then 563 stained by first discarding the supernatant and then adding 1 ml of 0.5% (wt/vol) crystal violet-25% 564 formaldehyde to the cell monolayer and further incubated for 1 h. The cell monolayers were then 565 23 washed with water, and plaques were counted by visual inspection. The experiments were repeated at 566 least thrice. 
